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Abstract 
Since almost any waste recycling requires non-zero resources, almost any technology exerts non-zero 
impact on the biosphere. Therefore, there is an objective of finding technological configuration providing 
a minimal harmful effect on the biosphere. Correct assessment of the harmful effect requires as broad a 
framework of consideration as possible. A comparison of ecological impacts of gasoline and electric 
vehicles was conducted as an example of applying this approach. The contribution of technological 
processes involved into production, usage, and disposal of vehicles was taken into account. Comparison 
of the total environmental impact of the vehicles has led to a result that differs radically from widely 
distributed points of view about the environmental benefits of electric vehicles. It indicates that the use of 
the proposed approach can significantly change perceptions about the environmental and economic 
efficiency of various industrial products and processes. 
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1.  Introduction 
The presence of unfavorable and even catastrophic trends in the state of the environment and the 
development of humankind has been recognized by many specialists and leaders of most countries and 
international organizations. The concept of sustainable development has been proposed as a way to 
overcome these trends [1]. This concept implies the necessity of taking into account three interrelated 
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factors: social, economic, and environmental, and there is an obvious need to integrate methods used by 
the respective sciences. Integration of economic and ecological formalisms in order to achieve sustainable 
development seems to be the most natural task as the aggravation of the global environmental problems is 
a consequence of human economic activity. 
In contemporary economics, there is an input-output model (IOM) developed by Leontief [2]. It shows 
how the output of one industry is an input to each other industry. Mathematically speaking, the IOM is a 
system of non-homogeneous linear algebraic equations whose variables correspond to gross outputs 
(expressed as monetary value or in kind) of the industries necessary for manufacturing a certain amount 
of the end product, taking into account production costs. 
As environmental damage is actually a consequence of the production of goods and services, it seems 
possible to make an integrated evaluation of this damage using a formalism similar to the IOM. The 
objectives of environmental management optimization, however, require that not only industrial products 
that have their market value but also industrial wastes and waste rock dumps on fertile lands should be 
taken into account, and, thus, the existing formalism needs to be modernized. 
2. Environmental management optimization 
Environmental damage related to human economic activity usually results from the production of large 
amounts of compounds (including toxic ones) that are not consumed by the industry that produces them. 
In many cases, these compounds are released into the environment. The use of filters certainly alleviates 
the problem, preventing the large-scale dispersal of the most toxic compounds with the wind or water, but 
as the spent filters with chemicals deposited on them are also industrial wastes, this does not totally solve 
the problem.  
Disposal can, though very seldom, occur spontaneously, due to natural chemical and biological 
processes. In most cases, however, additional inputs of material, energy, and manpower are needed to 
reduce the adverse impact on the environment. In principle, large inputs can reduce environmental 
damage caused by disposal to zero. Unfortunately, these inputs are also harmful to the environment. 
There is a contradiction: the more thoroughly and completely we process wastes, the greater the adverse 
effect of our efforts on the environment (see Fig. 1).  
Thus, even in the phase of disposal we face a typical optimization problem: being unable to reduce the 
impact on nature to zero, we have to choose the least harmful option. Not only disposal, but also 
production and use of goods require inputs of resources and cause environmental damage. In order to 
optimize environmental management, one has to choose and introduce the technologies that would yield 
goods producing the lowest total damage to the environment in all their life stages, with economic costs 
remaining at the same level. If economic costs are different, optimal decisions in environmental 
management can only be achieved by resolving the problem of introducing the “cost” of environmental 
damage, expressed, e.g., as the “price” of a human life. This very difficult task is, however, beyond the 
scope of this study. 
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Figure. 1. A conditional graph illustrating the presence of the minimum of environmental damage. The dashed line denotes residual 
environmental damage caused by the product vs. waste processing costs; the solid line denotes the damage due to waste disposal; 
the dash dotted line denotes the total environmental damage. 
To achieve optimization of environmental management, one needs to find a relationship between the 
ultimate contamination and costs of production, use, and disposal of goods. It would be natural to assume 
that production of the waste by the goods, similarly to any other production, is proportional to the cost of 
the corresponding resources and depends on the technology used. Hence, the problem of determining the 
total environmental damage can be reduced to the problem of total inputs, which can be solved by 
methods similar to the IOM.  
2.  Parameters of the efficiency of using technological goods. The notion of resource bus 
As noted above, total cost assessment must include costs of production, use, and disposal of a given 
product. Unfortunately, environmental advantages of goods are sometimes evaluated taking into account 
only their usage cost, as in evaluating the environmental advantages of electric vehicles vs. internal 
combustion engine vehicles in accordance with European standards [3]. 
As a parameter for comparison of goods, we propose introducing a common specific environmental 
cost of the usage of the l-th product: 
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where ir0  denotes input of resources for the production;  
i
Ur  is disposal cost;  
i
lR  is damage caused by its 
usage per unit time; Tl is the lifetime of the product; ia  are coefficients of environmental damage, which 
will be discussed in greater detail below. 
By replacing the bracketed expression with one symbol 
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where vector ilS  characterizes total inputs for the production, usage, and disposal of the product per unit 
time, one can express the specific environmental cost of the product as follows:  
 
i
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If, however, only direct inputs of resources ilS  for the l-th product are taken into account, its 
environmental impact will be clearly underestimated. All input resources were produced by industries that 
also consumed resources and caused environmental damage. This sequence should be continued until we 
reach primary resources – minerals and energy sources. However, mineral resources and energy sources 
can only be developed using products of engineering and processing industries. Thus, the complete 
structure of maintenance costs of the product will be represented by an infinite number of decaying cycles. 
In practice, one can either move to the limit, as it is done in the IOM, or confine oneself to a preset 
accuracy level, taking into account only indirect inputs of the corresponding order, as we do in this study. 
Let us term the set of resources needed for production, ilS
1 , the ilS  vector of the first order indirect 
inputs. Values of  ilS
1  components can be found from the following expression: 
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where jlx  denotes industrial capacities needed to generate a set of resources, 
i
lS , 
i
jS  is a matrix whose 
columns correspond to resources needed by the j-th industry to manufacture a unit of product. In the case 
of normalization of the needs matrix ijS  to unity, vector 
j
lx  is explicitly expressed as follows:  
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where jiy  is the amount of resource of the i-th resource produced by the j-th industry per unit time, and j
i  characterizes input-output relationships. 
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However, as noted above, the production of resource vector kl
j
k
i
j
i
l SSS 
1 also requires resources, 
and the need for them can be expressed based on vector kl
j
k
i
j
i
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1  , similarly to (6). Thus, taking 
into account N-th order indirect inputs, total resource inputs for the production, usage, and disposal of the 
product and, hence, the total environmental damage can be expressed as follows:    
 
 
 
  (7). 
 
 
Matrix jk
i
jS   has the same sense as the direct input matrix in the IOM (Dietzenbacher, 2004). 
Below is a simple example of calculating inputs of resources and the total environmental damage. To 
make the example more illustrative, we considered only four products (an electric vehicle, a coal power 
plant (CPP), a metallurgical facility, and a coal mine) and four resources (electric energy, coal, metal, and 
fuel). 
Let there be a 1.5-ton electric vehicle annually consuming 1 megawatt-hour of electric power, which 
has been used for three years. If the overage electric vehicle is not disposed of, total inputs for the 
production and usage of the vehicle per year are 111 S  MW*h of electric power and 5.0
3
1 S tons of 
metal. Electric energy is generated by the CPP, which consumes 0.3522 S  tons of coal to generate 1 
MW*h of electric power. The metallurgical facility consumes 1.013 S  MW*h of electric power and 
5.023 S  tons of coal to produce one ton of metal. The coal mine consumes 0006.0
1
4 S  MW*h of 
electric power and 003.044 S  ton of fuel to mine 1 ton of coal. In this example we ignore the input of 
resources to construct the TPS, the metallurgical facility, and the coal mine. Then the input matrix, ijS , 
will have the following form: 
 
 
 
  (8), 
 
 
 
where the rows represent resources and the columns – the products in the order given above. The 
relationship matrix, ki , has the following form: 
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Then the direct input matrix will have the following form: 
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and the form of the vector of the first order indirect input will be as follows: 
 
 
 
  (11). 
 
 
 
Thus, primary metal and electric energy requirements of the electric vehicle will be satisfied by 0.6 
ton of coal and 0.05 MW*h of electric power. Inputs of resources for the generation of these amounts of 
coal and electric power can be evaluated as follows: the direct input matrix is multiplied by the obtained 
vector, which is equivalent to the multiplication of the squared direct input matrix by the direct input 
vector, iS1 . 
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The vector of the third order indirect inputs can be determined in a similar way:  
 
 
 
  (13). 
 
 
 
The example described above shows that by taking into account indirect inputs, one can obtain 
unexpected results. For instance, first order indirect inputs needed to maintain the operation of the electric 
vehicle include a large amount of coal, which it does not consume directly. Vectors of the second and 
third order indirect inputs also include the fuel used while mining the coal. However, the third order 
indirect inputs are negligibly small compared to direct inputs and first order indirect inputs. Thus, an 
adequately accurate vector of total inputs needed to maintain the operation of the electric vehicle for a 
year can be obtained by adding the known vector of direct inputs and the sum of the obtained vectors of 
indirect inputs. The total consumption of resources in the proposed example will be equal to 
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In the proposed example, the matrix of resources, ijS , does not explicitly include industrial wastes. 
Then, the environmental damage can be determined by adding components of the vector of total inputs 
multiplied by the corresponding coefficients of the damage caused by the use of the resource, ia . An 
example is carbon released in combustion of a unit mass of coal or gasoline. The total mean carbon 
emissions in the production and usage of the vehicle in our example will be equal to  
 
 
 
  (15) 
 
 
tons a year. 
This approach corresponds to the “classical” approach of the IOM. It, however, cannot be used for the 
products that differ significantly in the amount of waste produced per unit input. In this case, the waste 
produced by each product must be included in matrix ijS  explicitly. Then we obtain a mixed case: one 
portion of the wastes is taken into account explicitly and the matrix coefficients, ia , corresponding to the 
inputs producing them are equal to zero; the other portion is taken into account implicitly, and it is 
calculated from the producing inputs in a way similar to that used in the above example.   
To obtain an integrated evaluation of inputs used to produce, use, and dispose of a certain end product, 
it is convenient to present the contribution of a definite technological process using a resource bus. The 
resource bus is a matrix whose rows represent the described inputs and columns – the products using 
them. In this study we denote inputs with a “minus” and outputs with a “plus”. The inputs and outputs are 
normalized to a unit main product of the facility (e.g., 1 MW*h of electric power for the electric power 
station). 
The necessity to take into account inputs used to produce, use, and dispose of the product results in the 
ternary form of the notation in the database on technological processes. Table 1 demonstrates an example 
of the notation in the database that has so far been realized in an Excel table. In order to solve the project 
problem, parameters given in this table were included in the resource bus.  
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Table 1. Parameters included in the resource bus and a typical form of notation of the database 
  Coal Power Plant (for 1 MW) 
    Construction Use Disposal 
1 Labor force (human*h) -0.01096 -0.03 -0.0010959 
2 Electricity (MW*h) -0.001 1 -0.0001 
3 Heat (Gcal) -0.00237 0.7 -0.0002368 
4 Oil (ton) 0 0 0 
5 Coal (ton) 0 -0.35 0 
6 Gas (m3) 0 0 0 
7 Fission fuel (ton) 0 0 0 
8 Iron ore (ton) 0 0 0 
9 Non-ferrous metal ore (ton) 0 0 0 
10 Raw materials for construction industry (ton) 0 0 0 
11 Gasoline (ton) -0.00023 0 -2.283E-05 
12 Raw materials for chemical industry (ton) 0 0 0 
13 Construction materials (ton) -2.1E-05 0 0 
14 Iron (ton) -3.4E-06 0 0 
15 Lead (ton) 0 0 0 
16 Zinc (ton) 0 0 0 
17 Gold (ton) 0 0 0 
18 Silver (ton) 0 0 0 
19 Sulfuric acid (ton)  0 0 0 
20 Potassium hydroxide (ton) 0 0 0 
21 Chlorine (ton) 0 0 0 
22 Carbon emission into atmosphere (ton) 0.000205 0.35 2.055E-05 
23 Soil damage (m2) 0.02245 0.01 -0.0224498 
24 Wastes (ton) 1.03E-07 0.007 1.027E-08 
25 Maximum allowed concentration (mg/m3) 5 0.5 5 
26 Mean usage time (year) 0 50 0 
 
3.  Testing of the proposed approach to environmental management optimization by comparing 
gasoline and electric vehicles  
Comparison of the resource and environmental efficiency of gasoline and electric vehicles was 
performed under the following assumptions: a coal power plant is a source of electric power for the 
vehicle accumulator and for the construction of industrial facilities, mining of minerals, and production of 
accumulator components. Vehicles with engine power 50 kW are evaluated. The chosen gasoline 
consumption is 10 L for 100 km. Only the power unit is taken into account; in this test the vehicle is 
ignored; equal inputs are supposed to be expended on the production of the vehicle body, suspension, etc. 
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The generalized parameter takes into account inputs used to construct and dispose of all facilities that 
have contributed to the production and taken part in the usage of the vehicles; the inputs are proportional 
to the contribution, which decreases towards primary resources. Results of the comparison are given in 
Table 2. 
Table 2. Comparison of total inputs of resources and environmental damage for gasoline and electric vehicles with Ag-zinc and 
lead-acid accumulators 
Vehicle type Gasoline vehicle 
 
 
Electric vehicle 
Recourses needed for  the vehicle to run for 1 hour  
Ag-zinc battery Lead-acid battery 
 
Labor force (human*hour) 0.3 13.2 0.6 
Oil (ton) 0.0122 0.0113 0.0002 
Coal (ton) 0.0001 0.0252 0.0234 
Iron ore (ton) 0.0000 0.0001 0.0000 
Non-ferrous metal ore (ton) 0.0000 1.9068 0.0477 
Raw materials for construction industry (ton) 0.0000 0.0003 0.0000 
Raw materials for chemical industry (ton) 0.0000 0.0013 0.0000 
Carbon emission into atmosphere (kg) 11 32 23 
Air stream (m3/hour) needed for dilution of toxic 
wastes 8138 1012545 927613 
Note. The source of energy for mining the resources and charging of accumulators is a CPP. 
The results show quite clearly that the total environmental damage caused by the production, usage, 
and disposal of the vehicles is drastically different from the assessment declared by the advocates of 
electric vehicles, who are spreading the idea of their environmental safety. Thus, the use of the proposed 
approach can significantly change the assessments of environmental and economic efficiencies of certain 
goods and industrial processes.  
5. Conclusion 
The formalism discussed in the study can be used to give an integrated evaluation of the environmental 
damage of a technology to be introduced. The proposed formalism takes into account factors that are not 
taken into account by the input-output theory because of the specific tasks of economics – the notion of 
the product was expanded to the notion of resource, including industrial wastes and primary natural 
resources (such as the area of fertile lands). Generalization of the concepts of the IOM made it possible to 
find a relationship between the production of goods necessary for the servicing of indirect inputs and the 
environmental damage caused by this production.  
Calculations of integrated environmental damage were performed for gasoline vehicles and electric 
ones. The result of the comparison was quite unexpected: carbon emissions to the atmosphere due to 
maintaining the operation of the electric vehicle are much greater than those of the gasoline vehicle if 
indirect inputs of coal for the production of metal and electric energy are taken into account.  
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Nomenclature 
Resources goods and services produced and consumed by industries that do not require inputs for their 
usage. Resources also include wastes, as they can be used as inputs for industries processing them. 
Products industries and their products that require inputs for their usage and that are usable for definite 
time periods. 
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